Abstract Cerium nitride-based molecular device transport properties are investigated using density functional theory. The electronic transport properties are related in terms of density of states (DOS) and transmission spectrum. The peak maximum in the DOS arises due to the overlapping of different orbitals of cerium and nitrogen atoms. Under zero bias condition, the contribution of f orbitals in cerium atom is seen whereas increasing the bias voltage, f electrons gets perturbed and there is no contribution of f orbital electrons for higher bias voltages. The electron density is seen more in nitrogen sites. The transmission of charges under various bias voltages gives the transmission spectrum. The geometry of structure and overlapping of orbitals leads to the variation in peak maximum in the nanoribbon. The electronic transport property of CeN nanoribbon provides an insight to enhance the transport property in functional nanomaterials.
Introduction
The rare-earth nitrides are hard and brittle materials, sensitive to hydrolysis and oxidation. These compounds crystallize in rocksalt type of structure. The potential application of rare-earth nitride is in spintronics [1] . Cerium nitride (CeN) is one of the members of rare-earth nitrides that have unusual properties. Usually in rare-earth nitrides, trivalence dominates whereas in CeN, tetravalent dominates due to electronic configuration of Ce and small lattice parameter of CeN. The band gap of CeN was found to be around 1.8 eV, CeN is analogous to the collapsed a-phase of cerium metal where the f electrons of cerium are peripatetic resembles the metallic property and cohesive property [2] . CeN can be synthesized by different methods such as radio frequency ion plating [3] and reacting Ce chips with NH 3 gas [4] . Xiao et al. [5] reported thickness-dependent valence fluctuation on CeN thin films. Modifying the materials' properties finds its potential importance for technological applications to develop functional materials in nanoelectronics. The prime focus is to characterize and manipulate the quantum states of the molecule. Molecular electronics uses the molecules having a dimension below 100 nm in the form of nanoribbon, nanowire or in nanosheet form as a substitute for the solid-state semiconductor devices. Molecular electronics find the use of single molecule or group of molecules in nanoregime to function as basic element in electronic devices. Molecular electronic devices mainly use graphene, which is a promising candidate for nanoelectronics, photonic devices, nanosensors and nanomechanical devices. With this as motivation, a literature survey was conducted and it was found that not much work has been reported on CeN-based molecular device. Density functional theory (DFT) is an efficient method to study the structural and electronic transport properties of CeN nanoribbon. In the present work, CeN nanoribbon is placed between the electrodes and the electronic transport properties of CeN nanoribbon are studied using DFT and the results are reported.
Methods
The investigation of CeN nanoribbon is carried out through density functional theory (DFT) using TranSIESTA module in SIESTA package [6] . DFT method is a good approach to study the electronic transport property of nanomaterials. TranSIESTA enables the molecular electronic device based on DFT to estimate the self-consistent electronic structure of nanomaterials within the three-dimensional electrodes at different chemical potentials. DFT methods explore the information concerning the scattering region, transmission coefficient, electron current and non-equilibrium forces in the system [7] [8] [9] [10] [11] . In the present work the calculation was based on DFT with the electronic exchange, and correlation effects are designated by generalized gradient approximation (GGA). The electron-electron interactions of the molecules are estimated with GGA through Perdew-Burke-Ernzerhof (PBE) exchange correlation [12, 13] . In the present work, GGA-PPE functional is used throughout the calculation [14] [15] [16] [17] . The optimization of the molecular geometry is taken into picture by decreasing the atomic forces of the atoms, which is smaller than 0.05 eV/Å . The sampling of the Brillouin zones is done with 3 9 3 9 50 k points. The real space grids for the electrostatic potentials are calculated with the mesh cut-off energy of 10 -5 eV. The atomic coordinates are adjusted without any symmetry constraint with a convergence criteria of 0.05 eV for energy and 0.05 Å for displacement. CeN nanoribbon electronic transport property is calculated using vacuum padding of 10 Å , which is modeled along x-and y-axis to avoid the interaction of the nanoribbon with their periodic images. The atoms in nanoribbon are free to move in their positions until a convergence criteria with the force less than 0.05 eV/Å on each and every atom in the CeN nanoribbon is achieved. The electronic transport system is being divided into three subsystems: left electrode, right electrode, and the scattering region which consists of CeN. The electronic transport properties and optimization of the CeN scattering region are carried out by the double zeta plus polarization (DZP) basis set for the CeN nanoribbon scattering region and for electrode region in the present study.
Results and discussion

Structure of CeN nanoribbon
The structure of nanoribbon is chosen from the International Centre for Diffraction Data (ICDD card number: 89-5220), based on the structure, CeN nanoribbon was designed with hexagonal layers attached to the electrodes. The adjacent position of nanoribbon has the cerium and nitrogen atoms, which are attached to the electrode up and electrode down. CeN nanoribbon consists of 16 cerium atoms and 16 nitrogen atoms. The scattering region consists of ten cerium atoms and ten nitrogen atoms. The up and down electrodes are attached to three cerium and three nitrogen atoms. The potential difference is maintained between the up electrode and down electrode. The up electrode potential is varied between 0, 0.5, 1 and 1.5 V, whereas the down electrode is kept at ground potential. CeN act as the scattering region, the density of states (DOS) and transmission spectrum of CeN scattering region are studied and reported. The schematic diagram of CeN nanoribbon with the electrodes is illustrated in the Fig. 1 .
Density of states of CeN nanoribbon
The DOS spectrum of the scattering region gives the perception to the presence of charge in particular interval of energy with the applied bias voltage [18] [19] [20] [21] . In the present work, the voltage is varied within the interval of 0-1.5 V across the CeN nanoribbon in terms of 0. , and the overlapping of different orbitals leads to the DOS of PDOS at different energy interval. The superposition of s, p, d, f orbitals of cerium and nitrogen leads to the device DOS. Figure 2a and b represents the PDOS and DDOS of CeN nanoribbon at zero bias voltage. In the case of zero bias condition, a peak maximum is seen at -0.2 and -0.8 eV in p, d, f orbitals due to the overlapping of the p, d, f orbitals of cerium with s and p orbitals of nitrogen, a decrease in DOS is observed at p orbital at 0.6 eV in the conduction band. In DDOS spectrum for zero bias, more peaks are observed at the negative energy which represents the valence band of CeN nanoribbon, it implies that more number of states is localized near the Fermi level in the valence band; on applying a proper bias voltage will move the charge to the conduction band. Figure 3a and b represents the PDOS and DDOS spectrum of CeN nanoribbon at 0.5 V. The bias voltage of 0.5 V is applied between the electrodes, now in the PDOS spectrum only the contributions of s, p and d orbitals are noticed, there is no contribution of f orbital of cerium atom and the applied bias voltage makes the f orbital electrons to get delocalized. The peak maximum is observed near -0.2 and -0.8 eV. The trend in DDOS spectrum for 0.5 and 0 V are almost same. Figure 4a and b depicts the PDOS and DDOS spectrum of CeN nanoribbon at 1 V bias. In the PDOS spectrum of 1 V bias, only the contribution of s, p and d is seen with more increase in the magnitude at -0.2 and -0.8 eV. The DDOS spectrum gives the same trend with increase in the magnitude, the superposition of the orbitals gives rise to the increase in the magnitude. Figure 5a and b represents the PDOS and DDOS at 1.5 V bias. Interestingly, the same trend is observed in the PDOS spectrum of 1.5 V, there is a consistent peak maximum observed in the valence band of CeN nanoribbon and in DDOS spectrum the same fashion of peaks are observed, this clearly indicates that the geometric structure plays an important role in the peak maximum in the valence band and conduction band of nanoribbon. At zero bias voltage the contribution due to the f orbital is smashed due to the applied bias voltage, the major contribution to the localization of charge arises only because of s, p and d orbitals. Figure 6 depicts the electron density of CeN nanoribbon. The density of electrons is more in the nitrogen sites than in the cerium sites. The atomic number of nitrogen is 7, which has the electronic configuration of 1s 2 2s 2 2p 3 ; cerium atom has the atomic number of 58 with the electronic configuration of [Xe] 4f 1 5d 1 6s 2 . The overlapping of the orbitals in nanoribbon makes the electrons to accumulate in the nitrogen sites than in cerium atom.
Transport properties of CeN nanoribbon
The transmission function of CeN nanoribbon is represented as T(E, V) for the system which depends on the external bias voltage [22] [23] [24] [25] . Equation (1) illustrates the transmission probability as
where G R and G A is the retarded and advanced Green's function, respectively; U up, down are the imaginary parts of the up and down self-energies called as coupling function, respectively. The self-energy depends on the surface Green's function in the electrode regions and arises due to the nearest neighboring interaction between the electrodes and the molecular region. Equation (2) gives the zero bias voltage conductance, which can be found from the transmission probability as
where G 0 = 2e 2 /h is the quantum unit of conductance, h is Planck's constant and 'e' is the electronic charge [26] . When there is no bias, Fermi level of two electrodes is aligned, and transmission of electron from the up to down electrode is equal to the down to up electrode and the net current is zero. When the bias voltage is applied, the chemical potential of the two electrodes no longer remains same and the transmission of charges takes place. The current and conductance are determined by the magnitude of the transmission function between the energy regions.
The peak maximum near the Fermi level (E F ) contributes to the transport property at the applied low bias voltage [27] . Under zero bias condition, a peak maximum and minimum is observed around -0.8 eV. The localization of charges is seen in the valence band of nanoribbon, there is no peak observed in the conduction band at 0 V as shown in Fig. 7 . A low bias voltage of 0.5 V makes the charges to get localized at -0.8 eV, and the peak maximum is increased and peak minimum is decreased due to the applied voltage as represented in Fig. 7 . A different scenario is observed for 1 V, this voltage causes a perturbation of the charges across the nanoribbon which is seen as a random variation of maxima and minima in both the valence band and conduction band as represented in Fig. 7 . This infers that applied 1 V is not sufficient to move the charge from the valence band to conduction band. Further increase in the voltage to 1.5 V causes the localization of the charges in the valence band around -0.8 eV, as shown in the Fig. 7 . From the transmission spectrum, it is inferred that for different bias voltage, the localization of the charge changes. The CeN nanoribbon geometry and the applied bias voltage both influence the transport property of CeN nanoribbon. The transmission of charges with the bias window depends on the orbital overlapping between cerium and nitrogen atoms in the nanoribbon.
The transmission pathways for CeN nanoribbon are depicted in Fig. 8a-d . In the case of zero bias, the transmission of electrons is only due to the variation in the chemical potential between the electrodes. The transmission of electrons takes place from up electrode to down electrode (red bold lines) and it gets scattered along the scattering region. When the bias voltage is increased, apart from the chemical potential the bias voltage also causes the transmission along the CeN nanoribbon. On increasing, the bias voltage further causes the charges to get scattered along the nanoribbon which increases the transmission from up electrode to down electrode. From the observation, it is to be emphasized that increase in the voltage causes the change in the chemical potential across the electrode, which has its impact in the transmission along the nanoribbon.
Conclusions
The electronic transport properties of CeN nanoribbon are investigated under different bias voltages using density functional theory approach. The orbital of cerium and nitrogen atoms contributes to PDOS spectrum, at zero bias condition the contribution of f orbital is seen in the cerium atom whereas on increasing the bias voltage, the f orbital electrons gets perturbed and there is no contribution of f orbital in other bias voltages. From the result it is inferred that f orbital plays an important role in the transport property of CeN nanoribbon. The superposition of PDOS gives rise to DDOS spectrum, the localization of charges is seen in the valence band of CeN nanoribbon. The densities of electrons are seen more in nitrogen sites than in cerium sites. The transmission spectrum of CeN nanoribbon gives the information about transmission of charges under various bias voltages. The transmission of charges depends on the geometry of the nanoribbon and also due to the overlapping of orbitals between cerium and nitrogen atom. The transmission pathway gets modified due to the applied bias voltage. The information provided in the present work will give an insight to fine-tune CeN nanostructures with enhanced transport property in nanomaterials.
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